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‘9,; ks Objectives of the work described il P

Main objectives: i

* Improved understanding of performance limitations by modeling o
of processes in the cathode catalyst layer at all relevant scales:
* In the ionomer film with Molecular Dynamics
* On the sub-micrometer scale with Lattice-Boltzmann modeling
* On the single layer scale with Direct Numerical Simulation (DNS)

* On the cell scale with volume averaged models

* Development of multiscale modeling approach to connect lower
scale mechanisms/material properties with cell performance

* Simulation-based interpretation of experimental observations

Public workshop, 11/12/2024, CEA/Grenoble + visio FURTHER-FC: Multiscale Modelling
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* Objectives:

* Simulation of representative ionomer film structures in catalyst
layer using Molecular Dynamics (MD)

* Determination of the oxygen and water transport in/transfer to
the ionomer films

* Investigation of performance limiting processes on ionomer scale
(poisoning by sulphonic group; Pt/ionomer interfacial water)

e Simulation of water contact angle on ionomer surface

AFM analysis of Dynamics Transport properties
ionomer properties simulation of ionomer film @

UNIVERSITY OF
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* Results:

* lonomer self-assembly process for different substrates
and different dispersions (water, isopropyl alcohol (IPA)
and water-IPA mixture) simulated

* Abundance of sulphonic groups at ionomer/Pt interface

* Simulation of solvent evaporation confirm ionic cluster

even in ink/dispersion media

formation

Public workshop, 11/12/2024, CEA/Grenoble + visio
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e Results:

* Limited work could be done on oxygen transport
properties of the ionomer film due to lack of
funding at UCA

* Preliminary calculations of oxygen density show
similar trends as published by Jinnouchi et al.
(2016): Oxygen density peaks at the Nafion/vapor
free interface

* Water enrichment at Pt/Nafion interface which has
multiple implications — facile proton transport (?),
additional O2 transport due to water layer (?), and
low local pH.

- to be investigated in future work

Public workshop, 11/12/2024, CEA/Grenoble + visio
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* Objectives:
* |dentification of local transport losses on sub-um scale

* Development of Lattice Boltzmann model for coupled transport
and electrochemistry

e Derivation of effective local transport resistance distributions
* |nvestigations on the effect of CCL microstructure

Inputs
* Catalyst microstructure Output

* Catalyst and ionomer distribution Latt|ce Microstructure-

* Contact angles
* Properties of the ionomer depending Boltzmann dependent local

on the water content

+ Local conditions in CCL transport resistance

Public workshop, 11/12/2024, CEA/Grenoble + visio FURTHER-FC: Multiscale modeling 7
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 Lattice Boltzmann model

« Output: local transport resistance distribution N(Rp;) depending on CCL

* MRT LBM! for diffusion of oxygen in primary and secondary pores and ionomer:
fulx + et t + AL) = £, (x,) + Q71AQ (fa(x,w — fo t))

« Sorption processes with finite kinetics at interfaces (gas|ionomer, gas|water,
ionomer|platinum)

Af) — 1 11 Ax 1 1) 7 2 F
falxp, t +AL) = 11 Ax 1 ) _Z%A_t-l_ﬁ_ faCea £) = 2fo(xg, D) |, 09

4kdis At H

diffusion

1 1 1 Ax 1 N 2 .
f(T((xB't+At)= 1 1 Ax 1 1[<____ - _+1>fa(xB't)_Ef(7(xA't)]

- Z%A_t - H diffusion )
:30Sorptig,,
« ORR at platinum surfaces realized as modified bounce back condition? S\& m ionomer
diffusion
O O iffusion’
fa t=(01- kLB)f& % absorption' - ALl ‘(;-R e dffu‘  absorption
8kORRAt kORRAx .
kig =|——— 1
LB ( A )/ ( + 2Dy Pt

4ch
H ilim

microstructure, where Rp; =

[1] Chen, L., Zhang, R., Kang, Q., Tao, W. Q. (2020), Chemical Engineering Journal, 391, 123590 E DLR
[2] Molaeimanesh, G. R., Akbari, M. H. (2015), International Journal of Hydrogen Energy, 40, 5169

Public workshop, 11/12/2024, CEA/Grenoble + visio FURTHER-FC: Multiscale modeling 8
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* lonomer properties

from literature and experiments
diffusion coefficient for oxygen in ionomer?!

Henry’s constant for oxygen absorption by
ionomer?

lonomer oxygen transport resistance from CEA
experiment: only total interface resistance

Ry, = Hio/kio = Hio(1/kp1o + 1/kiopt)

 (in planar geometry, total resistance remains equal)

in simulations: contribution of interfaces

kp1o = Hp1o/(KR1o),

kiopt = Hp1o/((1 = Ry,)

ionomer interface resistance [s/m]

6000

CCL on sub-micrometer scale
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[1]: K. Kudo, R. Jinnouchi, Y. Morimoto, Electrochimica Acta 209, (2016) 682
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 Distribution of micro pores:

e start from reconstruction of carbon and ionomer
based on FIB-SEM!?

 Calculation of micro porosity

3.0e-08
( 1 1\ACCLHPt 2568 €
s — _Vmicro _ npe ) ec 268 ¢
micro — . - A L 15e-8 &
Vmicro+Ve (1_5macro)VCCL‘ACCLZ£z éQQICo<77113t 1) CCQLC“Pt 19-?5 %
H 1 1.3e-09
* Average pore size 3.125 nm diameter ionomer distribution micro pores )
* Internal carbon surface area 446 m?/g Y
L : 4- 8 03+
* Distribution of pores at carbon surface B g -
* distributed randomly just below the surface of carbon %3_ EO’Z_ o
* have small external entrance 22- § ]
. . . . . e €
* Distribution of pores inside carbon 21 5011
* with overlap to preexistent micro pores s o % “ H
. . . i - S 00 |_|l_|.—|
* completely inside the original carbon i o 2207 o - -
* replace original carbon with micro pores until desired D [nm] distance [nm]
micro porosity is achieved DLR

[1]: M. Ahmed-Maloum et al., International Journal of Hydrogen Energy 80 (2024) 39-56
Public workshop, 11/12/2024, CEA/Grenoble + visio FURTHER-FC: Multiscale modeling
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CCL on sub-micrometer scale

 Distribution of platinum particles:
 distinction between internal|external platinum

* internal Pt:

radius 1.2nm
82% of Pt particles
70% of total Pt

surface
74% of ECSA

* external Pt:

radius 1.6nm
18% of Pt particles

30% of total Pt
surface

26% of ECSA (because
only 80% ionomer
coverage)

increase number of distributed platinum particles
until Pt loading 0.2mg/cm? is achieved

thereby, distribute 81% internally, 19% externally

platinum particles randomly distributed on
external|internal carbon surface

Finally, move external|internal particles in/out of
carbon structure until roughness factor of 140m?/m?

Public workshop, 11/12/2024, CEA/Grenoble + visio
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* Liquid water distribution due to
capillary condensation

CCL on sub-micrometer scale

* in macro pores

* pore size distribution estimated using

GeoDict

* size threshold for flooded pores from
RH of air:

Tcap (R H )

[2] Teitelbaum, B.Y., Gertolova, T.A., Siederova, E.E. (1951), Zh. Fiz. Khim., 25, 911

s(T)

— 2
“m BT log(RH)
 with surface tension s(T') from [2]

cos(0)
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* Results LBM

* Definition of transport resistance in different media:

ngne q_ 4F Cg
t .Pt,med

med )

H llim

e (Calculated from

.. . . .Pt,med
* arising limiting current per platinum area i}; )

* entering oxygen concentration in pore space ¢g

e Simulation of reference MEA:

— average resistance for
internal/external Pt

- influence of RH

— effect of distribution of
interfacial resistance

- broad distribution of
local transport
resistances

Public workshop, 11/12/2024, CEA/Grenoble + visio
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 Application to different CCL materials: oo E 0006 £
o, . . . - 0, Q : Q
* Graphitized carbon vs. HSAC -> No micropores in L ooond 0002 16
graph. carbon; Pt distributed on carbon surface S 5
> >
* HOPI vs. D2020 = Assume same microstructures S S
but different ionomer properties (Henry constant,
interfacial resistance)
D2020 D2020
gHopt 1 pHopr_ fint graph. carbon
2 ’ Int 2 ®  D2020 - Kudo - 353K B D2020 - FURTHER FC - 353K
o o _ Lo © D2020-Kudo-333K T 2 D20 Ko s N
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GC.) io) [ S
T 67 £ 2000 v rg\
// g 1 % .
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[1]: K. Kudo, R. Jinnouchi, Y. Morimoto, Electrochimica Acta 209, (2016) 682 RH RH

[2]: R. Jinnouchi et al., Nature Communications 12 (2021) 4956 DLR

Plot ionomer properties D2020 vs HOPI
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* Objectives:
* Derivation of effective transport coefficients of GDL, MPL and CCL

* Methodology: Multi-scale approach:
1. MPL computation (FIB-SEM)
2. GDL computation (X-ray Tom.)
3. GDL/MPL assembly (X-ray Tom.)
4. CCL computation (FIB-SEM)

Inputs
* MPL/GDL/Catalyst microstructure

* Material contact angles
* Catalyst and ionomer distribution

Outputs
Volume averaged

transport coefficients
Effective contact
angles

* Properties of the ionomer
depending on the water content

Public workshop, 11/12/2024, CEA/Grenoble + visio FURTHER-FC: Multiscale modeling 15
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" Single layer scale
\

1. MPL computation (FIB-SEM)

e, Simulation
& N clementary

* DNS using sequential approach
 Effective diffusion tensor has been

computed
. % =V.(D(x)Vc) At pore scale % 1500 nm
62 Scale L4
Ly

= V.(e(x)D,(x).VCy ) Atfirst Darcy-scale

at
aC
. aiz = V.(€ Dggs.VCp,) Atsecond Darcy-scale /
* Same calculation method for thermal and Pore-Scale Scale L,

electrical conductivity

Public workshop, 11/12/2024, CEA/Grenoble + visio FURTHER-FC: Multiscale modeling 16
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1475 uym

X-Ray
Tomography
image

2. GDL/MPL computation (X-ray Tomo.)

e Cracked MPL reduces GDL diffusivity by 738 jum
19% and uncracked MPL reduces GDL
diffusivity by 25%

i 275 um

MPL matrix Cracks

GDL without MPL  GDL with eracked MPL GDL with uncracked MPL

. Fibrous medium

Thinkness (jpm) 220 275 27H RO
FIB-SEM i
Porosity 0.88 0.81 0.80 Eae
Through plane relative diffusivity (1/7) 0.80 (.66 (.60
Dagr 1y _
peh= (e 0.89 e
eff i 1y _ 174717 9 k& _ T el
Do = 7) = 63707 T o) 0.88 - - = 0030 LS
é 0.625 M“‘*-..
;; 0600 @-__ *--.‘\\
¢ G DL . ff . i E 0.575 1 Hh“u‘ n"l“
compression e ect via resistance s e
2 0.550 Tl A
ﬂ “"‘l
model .

g 03251 _g- Assembly w cracks Model T

& -@- Assembly w/o cracks Model “-\

& 0.500 7 A Assembly w cracks Direct simulation \“\'
@ Assembly w/o cracks Direct simulation "“.

0.475 T T T T T T

0.0 0.1 0.2 0.3 0.4 0.5

Compression Rate a

Public workshop, 11/12/2024, CEA/Grenoble + visio FURTHER-FC: Multiscale modeling 17
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* CCL

computation:

* 3D reconstruction of CCL
microstructure from FIB-SEM images

* lonomer reconstruction: ionomer

partially occupying the pore space and

ionomer thin films covering the
carbon (in concave regions)

* Computations of effective oxygen

d

iffusion and effective proton

conductivity tensors

* Tensors are not isotropic

* Knudsen diffusion has significant impact
on oxygen diffusion

* Liquid water in the primary pores found
to have a significant impact

Public workshop, 11/12/2024, CEA/Grenoble + visio
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* CCL computation:

e Pore size distributions calculated with
Porespy?

 Calculation of contact angle
distribution: strongly dependent on
ionomer distribution

 Effective contact angles calculated at
different scales suitable for two-phase '
flow DNS or PNM computations of 100°
important properties for i
macrohomogeneous models such as .
the water retention curve or the
relative permeabilities

e CCL water retention curve obtained

600

g 3 8
T T T 1

Number of occurrences

IS)

100

T T
Pore radius (nm)

[ 1] {secondary poresy]

P (10" Pa)
T

90°

J. 2
Liguid saturafion

[1] J. Gostick et al. PoreSpy: A python toolkit for quantitative analysis of porous media images, Journal of Open Source Software, (2019).

Public workshop, 11/12/2024, CEA/Grenoble + visio FURTHER-FC: Multiscale modeling 19
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* Objectives:

* Development and validation of single cell model including all
relevant processes

* Include improved sub-models and relations derived from lower
scale models

* Determination of the contributions of the different transport
losses to the overall cell performance

Inputs SIUIEUC
* Properties of cell components Transient simulations

* Local transport resistance Of C€|| performance
distributions from LBM o .
|Identification of
contributions to

» Effective Transport properties from Ce | | m Od e |

single component scale

* Dedicated electrochemical
measurements for model validation performance losses

Public workshop, 11/12/2024, CEA/Grenoble + visio FURTHER-FC: Multiscale modeling 20
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e Approach:

Catalyst layer
sub-pum scale

Development of macro-homogeneous 2D multiscale cell
model

* Transient
e 2D along-the-channel geometry

Local transport resistance

* Mass, charge and energy transport Catalyst laye

* Novel ORR kinetics distinguishing between internal and
external platinum and including surface coverage effects
as well as local oxygen transport resistances

Implementation on DLR fuel cell modeling framework
NEOPARD-X 2.0!

Use of effective transport properties derived from lower
scale models

* GDL/MPL porosity and tortuousity
MPL pore radius

* CCL pofdsity and tortuousity
* CCL pore radius

Parametrization and validation with dedicated ex-situ and in-
situ experiments

[1]: A. Koksharov, A. Latz, T. Jahnke, Electrochimica Acta 495 (2024) 144482 e W ﬁ

plate  diffusion porous layer  electrolyte
(BPP) layer layer (cL membrane
(GDL)  (MPL) (PEM)

Public workshop, 11/12/2024, CEA/Grenoble + visio Cell scale 21
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Tra n s p o rt m Od e I s : Model Storage Flux Source Shear stress
g - T = diag (2pV - v) — p (Vv + (VV)") (25)
* Transport in channels: e ’ Yooy D] | Eddy viseosity o
| DarcvBri v Iz - 8 = —pready (VV +(Vv) ) (26)
. . . = | Darcy-Brink. Egpv sg(pv@v+T+8) £g (pg - Vp- VA,) (18) )
* Free flow in channels described by Darcy-Brinkman g n ) - xor ) ) - Pressure p=RTE¢ ()
Energy ‘%b Eatt™ | gg |V ,%qh, +T-v|+ J%;“]th — Ket VT | et - Vel + lion * Vigion — GaFAp  (19) Species flux
: '~ R E F .
e Transport in electrodes: g| oo | e veses +1, 3 ) 5 =20 (Yot graevenm) @9
. . ;— Other phase a £aCj H q (2 Tonic current ﬂ) fion = IEL % (29)
* Multicomponent mass transport in porous electrodes : & & | e curent o T 0)
. . . E] Tonie ~CaAyp fion —Fa (22) . . ;
(d |ffu S | 0 n + CO nve ctl 0 n ) E ! Electonic current i = =0 Ve (31)
:'2 Electron CaAg i Fa, (23) Potential step A = @el — Yion (32)
e Charge transport (proton + electron) in electrodes Conomes e | 02852 P, R o

* Energy transport: species enthalpy and heat conduction

* Water sorption and transport in ionomer
P P GDL/MPL properties (compressed)* m CCL properties m

* Transport in PEM: Thickness backing 74 um Thickness 6 um
* Proton transport Thickness MPL + overlap region 76 um Porosity? 0.55
* Water diffusion and electroosmotic drag Porosity backing 0.74 Tortuosity? 2.188
° Hyd rogen crossover Porosity MPL/overlap 0.6072 Average pore radius? 30 nm
. ) . . . . Tortuosity backing 1.69 Frac. of platinum in micropores 70%
* Effective diffusion coefficients obtained with lower scale DNS .
] ) Tortuosity MPL/overlap 2.776
simulation
Pore radius MPL 150 nm
DLR

Public workshop, 11/12/2024, CEA/Grenoble + visio FURTHER-FC: Multiscale modeling 22
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* Novel approach for oxygen reduction reaction rate calculation:
* Distinguish between external platinum (covered by ionomer) and internal platinum (in micropores of the carbon)
t
* ToRR = TORR * TORR
* Rate of ORR depends on local oxygen activity at platinum surface = determined by local transport losses A= Cref
k Riocal pore space

* Integrate over contributions with distribution of local transport resistance N (Rp;)
1nt/ext o int/ext
Tore = J; N(Rp)Torr ~ (Rpp) dRpy,

where r(Rp;) is the solution of r =k (aeq —

RPt)y
Cref
» Distribution N(Rp;) obtained from LBM on sub-um scale

diffusion

*  For each Ry, reaction rate is calculated by analytical approximation? ; ‘/i\/ 24+ Mt — (A +3
y =
Aegq
rapprox k .
y-1 b b
Aeq Ap,. A
1+ yi 1 — 4Ar.x Anax B =

2
(AArma + Ab)
* ORR kinetics is described by modified Tafel kinetics with platinum oxide and ionomer coverage effect

* Internal platinum:

int _ ; 2Pptox _aF,
k™ =1iy(1—Oprox)e RT e RT

* External platinum:

. ) wOPtOX _CZFn DLR
ke*" =i,(1 — Optox — Gionomer)€  RT € RT [1] Jahnke, T., Baricci, A. (2022), Journal of The Electrochemical Society, 169, 094514
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* Simulation of cell performance: T T 10 S
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* Hysteresis observed potentiodynamic polarization curves can be accurately > 08\ o e, 04 bar O o0 S 08 | & s g ey
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o ©
* Same phenomena also responsible for low frequency inductive features in %0,4_ %0,4-
impedances = explain the discrepancy between Tafel slope and O o
experimentally observed low frequency resistance 0,2+ 2
* Local transport resistance distribution leads to transport related 0 2 4 6 0 2 4
performance losses already at low current densities! Current density / Alcm? Current density / A/cm?
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* Break down of transport resistance contributions at limiting current:

* Determine local oxygen concentrations at layer interfaces outlet
* Calculate local Ry, |, for each layer / [.":
4FACl ~-05 E
Roz10cal = = middle i E
local g

—02
[0]
26002

* Channel contribution important even at high flow rate (6 NI/min £ A=10
@3A/cm?in air) due to parabolic velocity profile

* CCL contribution strongly dependent on RH inlet
* CCL contribution decreases from inlet to outlet (better humidification)
80% RH 40% RH
B Channel I Channel
= Sgt & overlap = 32:: & overlap

I CCL I ccL

DLR

Public workshop, 11/12/2024, CEA/Grenoble + visio FURTHER-FC: Multiscale modeling 25



Cell scale

Simulation of polarization curves under LCA conditions (2%
oxygen; 80% RH; 80°C)
“Knee” in polarization curve caused by transport limitations

for internal platinum

Very sensitive to distribution of interfacial resistance between
ionomer|gas and ionomer | platinum interfaces

Good agreement with LCA can be achieved with main
contribution at ionomer|gas interface
EIS simulation confirms accurate representation of processes
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T e Cell scale

Comparison graph. carbon vs. HSAC:

» Significantly lower voltage at low currents but higher limiting current

* LCA: significantly lower pressure dependent part probably due to inhomogeneity
in GDL properties

Major differences in model parameters:

:"': Co-funded by
O the European Union
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Cell scale

Comparison HOPI vs. D2020:

Higher catalyst activity
More sudden transport limitation at higher currents

Major differences in model parameters:

Lower Henry constant (c., = c,/H) for HOPI = higher O, conc. at catalyst
Higher activity of external platinum

Higher transport resistance for external platinum

Significantly lower transport resistance for internal platinum

Hypothesis: shift of interfacial resistance towards platinum interface

. : exp. ;g; Ear 044 m  exp. D2020 on HSAC
] exp. 2. ar ’ m  exp. HOPI on HSAC
09 exp. 2.54 bar N sim. D2020 on HSAC
> 08 e § sim. HOPI on HSAC
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Multiscale-modeling: conclusions

Development of multiscale modeling methodology to link material properties with cell
performance

Molecular Dynamics simulation of ionomer film:
* Simulation of ionomer self-assembly, solvent effects and solvent evaporation
* Preliminary results on oxygen and water distributions in ionomer film

Lattice Boltzmann modeling of the CCL on sub-um scale:
* Reconstruction of realistic CCL structures

* Simulation of oxygen transport and derivation of local transport resistance
distribution

DNS on GDL, MPL and CCL microstructures:
* 3D reconstructions of GDL, MPL and CCL
* Derivation of effective transport properties for oxygen, water and protons
Volume averaged cell model
* Coupling of transport processes in all layers and electrochemistry in a 2D cell model

» Use of effective transport properties of lower scale models and novel formulation of
ORR kinetic

* Enables description of transient behavior such as hysteresis and EIS
* Was used for breakdown of transport losses and to compare different CCL materials

Public workshop, 11/12/2024, CEA/Grenoble + visio FURTHER-FC: Multiscale modeling

i Partnership

Co-funded by
O the European Union

UNIVERSITY OF

CALGARY

29



Dr. Laure
Guetaz

Q‘?HER w

‘L%/ﬁ

Dr. Pascal
Schott

Guelicher

Dr. Thomas
Jahnke

Dr. Jens
Mitzel

Dr. Arnaud

Mor‘in

Dr. Joél
Pauchet

Co-funded by

) Hydrogen d )
the European Union

ership

The TEAM

Dr. Isotta PhD Ahmed
Cerri Maloum
Pr. Anthony Dr. Colleen Dr. Stéphane Dr. Aurélie Dr. Michel  pr. Marc

Kucernak, Jackson

Cotte Quintard

Gueguen

F—— . -
2 Imperial College
Deutsches Zentrum
xa e it London TOYOTA
PhD Florian PAUL SCHERRER INSTITUT Mo
Chabot - 1 Eﬁls\/LElggl-Erw Chemoursm UNIVERSITY OF
— CALGARY
! % & 1 .
Dr. Jason Dr. Stefano Pr. Patrice Dr. Pierre Dr. Jong Min Pr. Hanno Dr. Tobias Patrick Pr. Kunal PhD Afeteh
Richard Deabate Huguet Boillat Lee Kaess Morawietz Redon Karan Tarokh
_ This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking
Dr. Dirk (now Clean Hydrogen Partnership) under Grant Agreement No 875025. This Joint
Scheuble Undertaking receives support from the European Union’s Horizon 2020 Research and

Innovation program, Hydrogen Europe and Hydrogen Europe Research.



